Crystallization and phase transformation of amorphous Co 0:33 Si 0:67 thin films prepared by radio frequency magnetron sputtering using CoSi 2 alloy target were researched by X-ray diffraction in situ. The results showed that CoSi formed firstly at 250 C and some of the films were still amorphous. The residual amorphous films transformed to CoSi 2 at 300 C, CoSi and CoSi 2 remained stable at 350-500 C and CoSi transformed to CoSi 2 when the temperature was elevated further. The first phase that precipitated from the amorphous Co-Si films was decided by the effective heat of formation of phases and the short-range structure of amorphous films.
Introduction
The CoSi 2 thin films have been widely researched for ohmic contacts, low resistivity gates and local buried interconnects in ultralarge-scale integrated device (ULSI). 1) Epitaxial CoSi 2 can be fabricated on Si(100) by molecule beam epitaxy (MBE) 2) or Ti-interlayer mediated epitaxy-(TIME).
3) CoSi 2 thin films can also be prepared by annealing of co-deposition thin films of cobalt and silicon. [4] [5] [6] In comparison to epitaxial thin films, the thin films of codeposition are not epitaxial and feature lower stress and can control the ratio of Cobalt and silicon. 1) Thin films of codeposition, such as co-puttering and co-evaporation, are amorphous and need be annealed to form crystal CoSi 2 . Hong's work 4) showed CoSi 2 formed directly from the amorphous Co 0:33 Si 0:67 film of co-evaporation through annealing. But Shim 5) reported Co 2 Si was obtained firstly when annealing amorphous Co 0:33 Si 0:67 film of co-sputtering and then transformed into CoSi and CoSi 2 in sequence with further heating. It was seldom seen that Co-Si thin films were fabricated by magnetron sputtering using CoSi 2 alloy target. In this paper, the crystallization and phase transformation of amorphous Co 0:33 Si 0:67 thin films prepared by radio frequency magnetron sputtering using CoSi 2 alloy target were investigated. It was shown that there are dramatic differences between crystallization of amorphous thin films of alloy sputtering and crystallization reported by 4) and 5).
Experiments
Cobalt and silicon, proportions the same as stoichiometric CoSi 2 , were inserted into a vacuum arc-melting furnace to be melted firstly. Then the sample was transferred into a vacuum medium-frequency induction furnace to be melted further and electromagnetic stirring can improve the uniformity of materials. The target for sputtering was obtained by machining. X-ray diffraction and energy dispersive X-ray analysis (EDXA) were used to analyze the structure and contents of the target, respectively. The results showed that the target had good uniformity and exhibited CaF 2 structure.
Cobalt silicon thin films were deposited on Si(100) substrates in a CEVP-1000C magnetron sputtering system. The silicon substrates were cleaned and stripped of the native oxide in diluted HF solution, and immediately inserted into the deposition chamber. The base pressure in the sputtering system was better than 1 Â 10 À4 Pa, and the deposition was carried out in 1 Pa high pure argon. There was no intentional substrate heating, therefore the substrates remained below 60 C. The deposition rate and total film thickness were about 9 nm min À1 and 1.0 mm, respectively. The sputtering power was 450 w. In situ XRD were carried out to inveatigate the real time structure change of the thin film. The temperature was ramped at 15 C min À1 rate from room temperature to 900 C. As the temperature was raised every 50 C from 200 C, it was kept stable for ten minutes and then the X-ray diffraction was carried out. Each diffractogram (2 ¼ 25 À 65 ) took only five minutes to complete.
Results and Discussions
The results of EDXA showed that elements of the asdeposited film distributed uniformly, and that the atomic percentage of cobalt and silicon are the same as stoichiometric CoSi 2 . Figure 1 shows a sequence of XRD patterns of the specimen annealed below 300 C. The first scan represented the as-deposited thin film at room temperature, and the diffraction pattern showed an amorphous profile at around 2 ¼ 46: 5 . The pattern of the thin film annealed at 200 C for ten minutes was same to that of the as-deposited, which indicated that crystallization did not take place. It was seen from the pattern of 250 C that CoSi formed and a part of the films were still amorphous. Some amorphous films were also observed in amorphous Co 0:2 Si 0:8 thin films after crystallization at 290 C by transmission electron microscope. 4) When CoSi formed, a part of excessive Si existed in CoSi structure by solid solution and the rest emigrated into the amorphous film. From Co-Si phase diagram, there is a certain solid solubility of silicon in CoSi phase. But there is no apparent change of peak position in this paper. The change of lattice parameters must be researched by more precise work. Solid solution of excessive silicon caused lattice distortion and leaded to the line broadening, which could be seen from the patterns of lower temperatures in Fig. 1 and Fig. 2 . Small grain size of crystallization film can cause the line broadening, too. Therefore the line broadening must be attributed to the two factors, lattice distortion and small grain size. It was shown from the pattern of 300 C that an evident diffraction peak, same to the position of CoSi 2 (220), appeared and consequently some CoSi 2 started to precipitate. Figure 2 shows a series of diffraction patterns from 350 to 900 C. It could be seen that the peak height of CoSi 2 (220) gradually approached and at last exceeded that of CoSi (210) with the annealing temperature increased. This indicated that the volume fraction of CoSi 2 became higher with the increasing temperature. The percentage content of CoSi 2 at different temperatures could be calculated by quantity analysis of diffraction patterns.
7) The direct comparison method was adopted. The calculated results were depicted in Fig. 3 , which illustrated the phase transformation clearly. The slope between two points reflected the transformation rate. It was shown that a certain amount of CoSi 2 was obtained quickly at 300 C and contents of CoSi 2 at 350-500 Cwere almost kept unchanged. With higher temperatures, the contents of CoSi 2 were raised and the rate was increased. CoSi 2 of 300 C came from the residual amorphous film rich in silicon. The amorphous alloy is metastable and will crystallize when annealed above crystallization temperature. Just a short range diffusion is demanded for crystallization of amorphous alloy, so the transformation rate at 300 C was higher than that at higher temperatures. In the range of 350-500 C, an equilibrium state between CoSi and CoSi 2 was obtained, so the volume fraction of CoSi 2 remained unchanged. when the thin film was annealed above 500 C, CoSi became unstable and began to transform to CoSi 2 . The transformation was controlled by a diffusion mechanism. The atom diffusion was strengthened with the increasing annealing temperature and so the transformation rate was increased with the increasing temperature. The transformation of CoSi to CoSi 2 in the film consisted of mixture of CoSi and CoSi 2 was similar to that of thin film prepared by solid phase reaction.
8)
Hong 4) found that CoSi 2 formed directly from the amorphous Co 0:33 Si 0:67 film prepared by co-evaporating of cobalt and silicon. It was shown in Shim's work 5) that Co 2 Si was obtained firstly when annealing amorphous Co 0:33 Si 0:67 film of co-sputtering and then transformed into CoSi and CoSi 2 in sequence with further heating. Our result was different from the experiments. Some models 9, 10) were proposed to explain phase transformation phenomena of binary thin film system. Here EHF (effective heat of formation) model 10) was used to analyze the first silicide phase and phase sequence of the Co/Si system. The effective heat of formation is:
Where C a is the effective concentration of the limiting elements, and C c is the compound concentration of the limiting element. Generally the phase that has the most negative effective heat of formation would be expected to appear firstly. A nucleation barrier due to residual stress, defects or some else factors can change formation of the first phase. In Pt-Al system, for example, Pt 5 Al 2 was predicted to form firstly by EHF but it had 416 atoms per unit cell and thus led to nucleation difficulty, so Pt 2 Al 3 with a much simpler structure and higher effective heat of formation formed firstly. In Co-Si system, EHF of Co 2 Si, CoSi and CoSi 2 5) are À26:57, À23:10 and À11:84 kJ/(g atom), respectively. Shim thought that the short-range structure and EHF decided the first crystalline phase from the amorphous films. If shortrange structure of amorphous thin films was similar to the crystalline phase, the nucleation barrier for the formation of the phase can be easily overcome and the phase would form firstly. A broad diffraction peak similar to Co 2 Si (200) was observed in the as-deposited amorphous Co-Si due to X-ray diffraction scattering. 11) So the Co 2 Si formed firstly from the amorphous Co-Si film in Shim's work. In our work, the broad peak of amorphous thin films was at about 46. 5 , similar to CoSi (210) and CoSi 2 (220), which signified there could be two kinds of short-range structures similar to CoSi and CoSi 2 . The EHF of CoSi is lower than that of CoSi 2 , so CoSi formed firstly. The different short range structure in different reports may partly be attributed to the different preparation method. For the co-sputtering with the dual targets, the CoSi cluster cannot form until a silicon atom and a cobalt atom impinges together on the substrate. But for the co-sputtering with the alloy target, the CoSi cluster can directly be sputtered from the target, which results in a greater chance that the short range structure of CoSi forms. At the same time, the factors that influence the nucleation of thin films may also have effects on the formation of the short range structure. So different experiments details in different reports can also result in different short range structure and then different phase sequence of transformation.
Conclusions
In summary, it was demonstrated that CoSi formed firstly from the amorphous Co 0:33 Si 0:67 thin films prepared by radio frequency magnetron sputtering using CoSi 2 alloy target. The first phase that precipitated from the amorphous Co-Si films was decided by the effective heat of formation of phases and the short-range structure of amorphous films. When CoSi formed at 250 C, a part of film remained amorphous. And excessive silicon atoms solved in CoSi or emigrated into the amorphous film. The residual film transformed to CoSi 2 at 300 C, CoSi and CoSi 2 remained stable at 350-500 C and CoSi transformed to CoSi 2 when the temperature was elevated further.
